Low levels of O 2 (hypoxia) are encountered by cells within rapidly growing tissues, such as developing embryos or solid tumors. Most vertebrates respond to this hypoxic stress by activating the expression of a large number of genes involved in glycolysis, angiogenesis, and hematopoiesis (11, 44) . This hypoxic transcriptional response is mediated primarily by the hypoxia-inducible transcription factor (HIF), a heterodimer of HIF-␣ and HIF-␤ (also called the aryl hydrocarbon receptor nuclear translocator [ARNT]) subunits (48) .
HIF activation by hypoxia (Յ5% O 2 ) is regulated at the level of ␣-subunit protein stability in an oxygen-dependent fashion (41) . At normoxic O 2 levels, HIF-␣ protein is rapidly degraded due to O 2 -dependent hydroxylation by prolyl hydroxylase domain-containing proteins and subsequent turnover by a von Hippel-Lindau tumor suppressor protein (pVHL)-dependent degradation pathway. HIF is required for normal embryonic development; ablation of hypoxic responses via targeted deletion of the Hif-␣ and Arnt genes leads to embryonic lethality (1, 7, 18, 30, 36, 39, 46) . On the other hand, an enhanced hypoxic response is a critical component of many cancers (15) . For example, the increased glycolysis and angiogenesis observed in most solid tumors is at least partly an effect of elevated levels of HIF activity. Furthermore, constitutive HIF activity resulting from VHL mutations in patients leads to multiple highly vascularized neoplasms in the central nervous system, retina, and kidney (22) .
While ARNT is the primary HIF-␤ subunit, two ␣ subunits, HIF-1␣ and HIF-2␣, participate in the hypoxic responses. HIF-1␣ is ubiquitously expressed and has been suggested to play a primary role in hypoxic responses. HIF-2␣ is also widely expressed, but its transcripts are enriched in select cell types, such as vascular endothelial cells, kidney fibroblasts, hepatocytes, glial cells, interstitial cells of the pancreas, epithelial cells of the intestinal lumen, neural crest cell derivatives, and lung type II pneumocytes (19, 47, 52) . In contrast to the restricted expression observed in embryonic and adult tissues, HIF-2␣ is detected in many human tumors, including those associated with VHL disease (renal clear cell carcinomas and hemangiomas) as well as tumors not associated with VHL disease, such as breast, head and neck squamous cell carcinoma, and nonsmall cell lung cancers (15) . Intriguingly, approximately 50% of renal clear cell carcinoma (RCC) cells isolated from VHL patients express HIF-2␣ but not HIF-1␣ (32) . This expression pattern suggests that HIF-2␣ plays a tissue-specific role during development and physiology but a broader role in tumorigenesis.
A unique function for HIF-2␣ in hypoxic cells was not supported by initial studies. For example, both HIF-1␣ and HIF-2␣ proteins dimerize with the same ARNT subunit to activate transcription of multiple hypoxia response element (HRE)-dependent reporter genes to similar levels in vitro (47) . Furthermore, both HIF-1␣ and HIF-2␣ are modified by prolyl hydroxylase domain-containing proteins and the factor inhibiting HIF (FIH) in an O 2 -dependent manner, giving them similar regulation of protein stability and p300/CBP recruitment (41) . The first indication that HIF-1␣ and HIF-2␣ play nonredundant roles came from mouse models in which Hif-2␣ deletion leads to phenotypes distinct from those of Hif-1␣ Ϫ/Ϫ embryos (7, 36, 42, 43, 46) .
Investigation of the relative roles of HIF-1␣ and HIF-2␣ in tumor growth provides additional evidence for distinct functions of the two ␣ subunits. Expression of stabilized HIF-2␣ but not HIF-1␣ promotes the growth of xenografts derived from pVHL-reconstituted RCC cells, whereas small interfering RNA (siRNA) knockdown of HIF-2␣ in pVHL-deficient RCC cells abrogated tumor growth (25, 26, 31) . These data suggest that HIF-2␣ is sufficient and necessary for tumor formation by pVHL-defective RCC cells. Consistent with these findings, we recently observed that teratomas derived from embryonic stem (ES) cells with expression of HIF-2␣ (but not HIF-1␣) from the Hif-1␣ locus display a substantial growth advantage over wild-types (WT) ES cells (8) .
While the distinct function of HIF-2␣ during development and tumor growth is well established, several important questions remain. For example, what is the molecular mechanism for HIF-2␣'s unique activity? Does HIF-2␣ regulate different target genes than HIF-1␣? Why do VHL mutations manifest themselves in relatively few tissue-specific tumors despite the fact that pVHL and HIF-2␣ expression are relatively broad? All mammalian cells, including primary murine ES cells, exhibit hypoxic transcriptional responses. We and others have used ES cells extensively in functional studies of pVHL, HIF-␣, and ARNT during hypoxic responses and tumorigenesis (4, 5, 18, 29, 30, 39) . WT, Hif-1␣ Ϫ/Ϫ , and Hif-2␣ Ϫ/Ϫ ES cells provide an attractive system for studying the individual roles of HIF-1␣ and HIF-2␣ in response to low O 2 . We report here that genome-wide DNA microarray analysis of hypoxiainducible genes in WT, Hif-1␣ Ϫ/Ϫ , and Hif-2␣ Ϫ/Ϫ ES cells reveals that HIF-2␣ is not functional in murine ES cells. We demonstrate that expression of HIF-2␣ mRNA, pVHL regulation of the HIF-2␣ protein, and formation of nuclear HIF-2␣/ARNT complexes are normal in ES cells. Most surprisingly, HIF-2␣/ARNT dimer interaction with endogenous HREs is also detected, suggesting that HIF-2␣'s inability to regulate target gene transcription occurs at the level of transcription cofactor recruitment. HIF-2␣ overexpression results in detectable HIF-2␣ activity in Hif-1␣ Ϫ/Ϫ ES cells, suggesting ES cells express a HIF-2␣-specific corepressor that is titrated by overabundant HIF-2␣ protein. Importantly, expression of nonfunctional HIF-2␣ (carrying mutations in the DNA binding domain) but not a similar mutated HIF-1␣ rescues the function of endogenous HIF-2␣ protein, presumably by overcoming this repression, while not increasing the levels of functional HIF-2␣ transcripts. These results provide compelling evidence for the expression of a HIF-2␣-specific repressor in ES cells.
MATERIALS AND METHODS

Cell culture. Hif-1␣
Ϫ/Ϫ , Hif-2␣ Ϫ/Ϫ , and corresponding WT ES cells were gifts from Peter Carmeliet. Vhl Ϫ/Ϫ ES cells have been described previously (29) . The 786-O WT-8 renal clear cell carcinoma line was a gift from William G. Kaelin (Boston, MA) (17) .
RNA preparation, Northern blot analysis, and quantitative RT-PCR. RNA isolation and Northern blot analysis were performed using standard protocols. Murine DNA fragments generated by reverse transcriptase PCR (RT-PCR) were cloned into the pCR2.1-TOPO vector (Invitrogen) to serve as templates for were generated from these total RNAs. cRNAs were hybridized to Murine Genome Array U74Av2 arrays containing approximately 12,000 distinct mRNA transcripts (Affymetrix). Data analysis was performed using Genechip expression analysis software as described previously (16) .
Protein analysis. Nuclear extracts (NE) were prepared in the presence of protease inhibitors as well as 200 M deferoxamine (DFX) as described previously (16) . Western blot analysis was performed using standard protocols. The following primary antibodies were used for Western blots: anti-HIF-1␣ monoclonal antibody (Ab) (NB 100-105; Novus Biological, Inc.), anti-HIF-2␣ polyclonal antibodies (NB 100-122; Novus), anti-ARNT monoclonal antibodies (NB 100-124, Novus), and anti-Flag M2 monoclonal antibodies (F-3165; Sigma). Anti-HIF-␣ antibodies and protein A-Sepharose CL-4B beads were used to immunoprecipitate HIF-␣ proteins. Amounts of HIF-␣ and coprecipitated ARNT protein were assessed using Western blot analysis as described above.
Cloning of HIF-2␣ mRNA. Total RNAs isolated from Hif-1␣ Ϫ/Ϫ , WT ES, or 786-O WT-8 cells were reverse transcribed using reverse transcriptase and oligo(dT). Primers located at the 5Ј or 3Ј untranscribed region or different regions of HIF-2␣ mRNA were used to amplify the full length or different regions of HIF-2␣ cDNA. The flowing are primers used in this experiment: 5ЈUTR, 5Ј-AGACCTTTCACACCTGCCCGGGCGA-3Ј (sense); 3ЈUTR, 5Ј-G AATATAAATTAGAAGTAATTCAAG-3Ј (antisense); F8 (at exon 8), 5Ј-GC TTCCGAAATCGAGAGAAATAATGG-3Ј (antisense); F9 (at exon 11), 5Ј-G CATGGAGACAGGGACCCTTTG-3Ј (antisense); F10 (at exon 8), 5Ј-CAGA ACTTCGATGAACCCTCAGCC-3Ј (sense); F11 (at exon 11), 5Ј-TGTGGCCA GGCCAGCACCCCTC-3Ј (sense). PCR products were run on an agarose gel or cloned into the pCR2.1TOPO vector for sequence analysis.
Construction of Hif-1␣ ؊/؊ ES cells expressing a Flag epitope-tagged HIF-1␣ or HIF-2␣ protein. pcDNA3mHIF-1␣ or HIF-2␣ plasmids have been described previously (16) . The Flag epitope was inserted at the C terminus of HIF-␣ plasmids in the same reading frame. DNA encoding Flag-tagged HIF-␣ was transferred into a vector in which the expression of Flag-tagged Hif-␣ (HIF␣Flag) was under the control of the human elongation factor 1 promoter. DNAbinding-deficient HIF-␣ mutants (HIF-1␣mBHLH and HIF-2␣ mBHLH) were constructed by changing four conserved basic amino acids in the DNA binding domain of HIF-␣ subunits to alanines using a PCR-based mutagenesis protocol. The linearized plasmids were electroporated into Hif-1␣ Ϫ/Ϫ ES cells, and stable transfectants were selected in the presence of 175 g/ml hygromycin. Individual clones were picked for Hif-1␣ Ϫ/Ϫ /HIF-1␣Flag or Hif-1␣ Ϫ/Ϫ /HIF-2␣Flag, or surviving clones were pooled for Hif-1␣ Ϫ/Ϫ /vector, Hif-1␣ Ϫ/Ϫ /HIF-1␣mBHLH, or Hif-1␣ Ϫ/Ϫ /HIF-2␣mBHLH. Chromatin immunoprecipitation assays. Chromatin immunoprecipitation (ChIP) assays were performed using a modified protocol from Emery Bresnick (21) . ES cells grown at 1.5% O 2 were washed with phosphate-buffered saline containing 100 m DFX (added to all the solutions). 2 ϫ 10 7 cells were fixed in 0.4% formaldehyde in phosphate-buffered saline at room temperature for 10 min. Isolated nuclei were lysed, followed by chromatin sonication to sizes between 300 bp and 1,000 bp. Anti-HIF-1␣ monoclonal Ab (NB 100-105; Novus Biological, Inc.) was used for HIF-1␣ protein precipitation with mouse immunoglobulin G2b at the same concentration as a control Ab. Anti-HIF-2␣ pAb (NB 100-122; Novus Biological, Inc.) was used for precipitation of the HIF-2␣ protein, while rabbit preimmune serum served as a control. After extensive washing, the DNA-protein-Ab complex associated with protein A-Sepharose beads was eluted twice in 100 l elution buffer. After reversing the cross-linking and purification, DNA from input (1:20 diluted) or immunoprecipitated samples was assayed using regular PCR in the presence of [␣- 32 (4, 5) . Due to the small number of nucleotides in exon 2, which is deleted in these alleles, the sizes of HIF-1␣ and HIF-2␣ mRNAs in mutant ES cells were indistinguishable from those of their WT counterparts (Fig. 1A) ; however, Northern blot studies clearly showed that ES cells express both HIF-␣ subunits. Importantly, only the HIF-2␣ protein was detected in Hif-1␣ Ϫ/Ϫ ES cells grown at 1.5% O 2 and only the HIF-1␣ protein in hypoxic Hif-2␣ Ϫ/Ϫ ES cells (Fig. 1B) , confirming the null mutations of these Hif-1␣ Ϫ/Ϫ and Hif-2␣ Ϫ/Ϫ ES cells (4, 5) . To compare the HIF-1␣ and HIF-2␣ target genes, a systematic study of HIF-1␣-and HIF-2␣-inducible genes was performed on a genome-wide scale. Using an approach we described previously (16) , triplicate RNA samples were prepared from WT, Hif-1␣ Ϫ/Ϫ , and Hif-2␣ Ϫ/Ϫ ES cells cultured under normoxia (21% O 2 ) or hypoxia (1.5% O 2 ) for 16 h. RNA probes generated from these cells were hybridized to the Murine Genome Array U74Av2, containing approximately 12,000 distinct mRNA transcripts (Affymetrix). Comparative analysis of genes expressed at 1.5% O 2 versus 21% O 2 indicated that hypoxia induced ϳ60 distinct genes in the triplicate RNA samples derived from WT ES cells when the threshold indicative of an induced gene was set at 1.4-fold (see Table 1 for some of the induced genes). Hypoxically induced genes included several known HIF target genes, such as vascular endothelial growth factor (Vegf) (7.2-fold in WT ES cells), glucose transporter 1 (Glut-1) (4.1-fold), adipose differentiation-related protein (Adrp) (5.3-fold), adrenomedullin (Adm) (12.2-fold), N-myc downstream regulated 1 (Ndrg-1) (5.3-fold), and most of the glycolytic genes (16) . Several novel target genes, such as uridine phosphorylase (Upp) (2.1-fold), adenylate kinase 4 (Ak4) (2.0-fold), annexin A2 (Anxa-2))6.6-fold), and filamin-beta (Flnb) (1.8-fold), were also stimulated (see Table 1 , section II, for novel hypoxia-inducible genes confirmed by Northern assays). Multiple known HIF-independent, hypoxia-regulated genes, such as the immediate early response 3 (Ler3) (3.7-fold) (14) , DNA-damage-inducible transcripts 3 (Ddit3 or Gadd153) (7.4-fold) (16) , and heat shock protein 70 (Hsp70) (1.9-fold) (12) genes, were also induced ( Table 1 , section III). Surprisingly, the same (95%) genes were also induced at similar levels in Hif-2␣ Ϫ/Ϫ cells (Table 1, (Table 1) . Only about eight genes were induced in Hif-1␣ Ϫ/Ϫ ES cells in the triplicate RNAs according to DNA microarray analysis. The three most highly induced genes, Ler3, Ddit3, and Hsp70, exhibited levels of hypoxic induction similar to those observed in the WT and Hif-2␣ Ϫ/Ϫ ES cells (Table 1 , section III). These genes are known to be HIF-independent, stress-inducible genes (12, 14, 16) . The next three genes, Vegf (1.8-fold), Anxa-2 (1.7-fold), and lactate dehydrogenase A (Ldha) (1.5-fold), exhibited lower levels of induction in the Hif-1␣ Ϫ/Ϫ ES cells than in the WT and Hif-2␣ Ϫ/Ϫ ES cells (Table 1) . Two additional genes induced in Hif-1␣ Ϫ/Ϫ ES cells, CD68 antigen (CD68) (1.4-fold) and histone gene complex 1 (Hist1) (1.4-fold), exhibited even lower stimulation. Northern blot analysis of 16 novel hypoxia-inducible genes confirmed that 15 of them (Table 1 , section II) were indeed stimulated in both WT and Hif-2␣ Ϫ/Ϫ ES cells but not in Hif-1␣ Ϫ/Ϫ ES cells ( Fig. 2A ; also data not shown). Of note, Anxa2 was minimally induced in Hif-1␣ Ϫ/Ϫ ES cells. The induction of CD68 and Hist1 was not confirmed by Northern assays (data not shown). In contrast, analysis of several known HIF-1␣ unique genes, such as phosphoglycerate kinase 1 (Pgk-1) and Ldha ( 
1␣
Ϫ/Ϫ ES cells showed that they were clearly regulated by HIF-1␣. Furthermore, induction of these three genes in Hif-1␣ Ϫ/Ϫ ES cells also suggested that HIF-2␣ regulates their expression. Alternatively, induction of these genes in Hif-1␣ Ϫ/Ϫ ES cells may be HIF independent and regulated by other stress-induced transcription factors or hypoxic mRNA stabilization, as reported for Vegf (45) . To distinguish between these two possibilities, we performed Northern blot analysis of each gene in Arnt Ϫ/Ϫ ES cells. Loss of ARNT results in the complete abolition of HIF-dependent hypoxic gene induction in ES cells, since ES cell does not express ARNT-2 (30) . As expected, hypoxic stimulation of several HIF-1␣/HIF-2␣ common target genes (Adm, Adrp, and Ndrg-1) was eliminated in Arnt Ϫ/Ϫ ES cells (Fig. 3A) . Consistent with our previous results (16) , hypoxic upregulation of Ddit-3 was not dependent on Arnt status, since it was similarly induced in both WT and Arnt Ϫ/Ϫ ES cells (Fig. 3B) . Importantly, hypoxic induction of Anxa-2, Ldha, and Vegf was reduced in Arnt Ϫ/Ϫ ES cells (Fig.  3B ), indicating that they are HIF transcriptional targets. This was consistent with the above data showing that HIF-1␣ elimination decreased their hypoxic induction ( Fig. 2 (16) . We therefore tested whether treatment of Hif-1␣ Ϫ/Ϫ ES cells with lower levels of O 2 (0.5% and 0.1% O 2 ) induced HIF-2␣ target gene expression in these cells. As expected, WT ES cells exhibited elevated levels of HIF-1␣/HIF-2␣ common target gene expression under severe hypoxia (Fig. 4B, left) , presumably due to higher levels of HIF-␣ protein expression under severe hypoxia (Fig. 4A, left) . In contrast, no HIF target gene induction was observed in Hif-1␣ Ϫ/Ϫ ES cells, although elevated levels of HIF-2␣ protein were present ( Fig. 4B and 4A, right) . Furthermore, several hypoxia mimetics, including DFX and cobalt chloride, also failed to induce several HIF-2␣ target genes in Hif-1␣ Ϫ/Ϫ ES cells, although the HIF-2␣ protein was stabilized under these treatments (data not shown). In addition, 16 h of hypoxia failed to enhance the expression of transfected WT HRE-Luc reporter constructs in Hif-1␣ Ϫ/Ϫ ES cells, while the WT HRELuc reporter exhibited a sevenfold hypoxic induction in WT ES cells (Fig. 4C) . Therefore, analysis of endogenous HIF target genes by genome-wide DNA microarray and more-sensitive HRE-mediated reporter assays demonstrated that endogenous HIF-2␣ is not functional in murine ES cells.
Hif-1␣
؊ Multiple splicing variants of HIF-1␣ (but not HIF-2␣) have been reported (13, 51) . To investigate whether Hif-1␣ Ϫ/Ϫ ES cells expressed a cell-specific HIF-2␣ isoform missing an important exon or a mixture of full-length with inhibitory variants, we performed RT-PCR cloning and sequence analysis of HIF-2␣ mRNA from Hif-1␣ Ϫ/Ϫ and WT ES cells. A single band exhibiting the expected size was generated using HIF-2␣ primers designed to amplify segments from the 5Ј UTR to amino acid (aa) 418 (F8) (Fig. 5A, left, lane 1) or to aa 619 (F9) (lane 2) and aa 418 (F10) (lane 3) or aa 619 (F11) (lane 4) to the 3Ј UTR. Furthermore, identical sizes of HIF-2␣ cDNAs were generated from murine Hif-1␣ Ϫ/Ϫ ES cells and the HIF-2␣-functional human 786-O cell line using murine primers to amplify the full length (Fig. 4A, right, lanes 1 and 4) , 5ЈUTR to aa 619 (lanes 2 and 5), and to aa 851 (lane 3 and 6). Importantly, sequence analysis of several cloned HIF-2␣ fragments, including six full-length mHIF-2␣ clones from Hif-1␣ Ϫ/Ϫ ES cells (using primers located at the 5ЈUTR and 3ЈUTR), determined that ES cells expressed full-length HIF-2␣ mRNA with no splicing variants.
A recent paper has suggested that HIF-2␣ is not functional in murine embryonic fibroblasts (MEFs) because HIF-2␣ is (35) . Western blot analysis of the HIF-2␣ protein (using antibody recognizing both the murine and human HIF-2␣ proteins) on cytoplasmic and nuclear fractions from ES cells showed that HIF-2␣ accumulated in hypoxic Hif-1␣ Ϫ/Ϫ ES cells and was localized to the nucleus, as observed for HIF-2␣ in 786-O WT-8 cells (Fig. 5B) . Detection of the nuclear protein ARNT only in nuclear fractions and of Akt primarily in cytoplasmic fractions validated the quality of these extracts (Fig.  5B) . In addition, HIF-2␣ protein accumulation was regulated by pVHL in ES cells, since Vhl deletion stabilized the HIF-2␣ protein under normoxia and both the HIF-1␣ and HIF-2␣ proteins translocated to the nucleus (Fig. 5C) . Therefore, cytoplasmic trapping of HIF-2␣, as described previously for MEFs (35) , is not involved in HIF-2␣ inhibition in ES cells.
HIF-2␣ protein forms a complex with ARNT and binds to HREs of target genes in Hif-1␣
؊/؊ ES cells. It is formally possible that HIF-2␣ and ARNT do not form dimers in ES cells. Anti-HIF-2␣ antibodies recognize mouse HIF-2␣ protein but also several nonspecific cellular proteins. To provide an additional positive control for HIF-␣ detection (especially in immunoprecipitation experiments [IPs]), we generated cell lines in which Hif-1␣ Ϫ/Ϫ ES cells were stably transfected with C-terminal Flag epitope-tagged full-length HIF-1␣ (Fig. 6A) or HIF-2␣ cDNA (Fig. 6B) (Fig. 6A) . Hif-1␣ Ϫ/Ϫ ES cells expressed the endogenous HIF-2␣ protein, and transfection of HIF-2␣ cDNA into these cells increased levels of the HIF-2␣ protein as detected by anti-HIF-2␣ antibody (Fig. 6B) . The identity of the HIF-2␣ band was confirmed by anti-Flag Western blot analysis (Fig. 6B) .
We then tested the formation of HIF-1␣/ARNT and HIF-2␣/ARNT complexes in ES cells. We were particularly interested in the formation of endogenous HIF-2␣/ARNT dimers, since HIF-2␣ in Hif-1␣ Ϫ/Ϫ ES cells was not functional.
Hif-1␣
Ϫ/Ϫ ES/HIF-1␣Flag-H and Hif-1␣ Ϫ/Ϫ ES/HIF-2␣Flag-H (high) clones served as positive controls in IPs, since these cells exhibited HIF-␣-mediated target gene expression (see Fig. 8 ) and were expected to exhibit HIF-␣Flag/ARNT complexes. In addition, the identities of HIF protein bands could be confirmed by independent anti-Flag Western blotting. NEs were prepared from ES cells grown at 1.5% O 2 for 8 h, and equivalent NE quantities were used for precipitation by anti-HIF-1␣ or anti-HIF-2␣ antibody. The precipitated HIF-␣ and coprecipitated ARNT proteins were assessed using identical volumes of IP material. Anti-HIF-1␣ antibodies immunoprecipi- Ϫ/Ϫ / HIF-1␣Flag-H cells (Fig. 6C, lane 4) , as detected by anti-HIF-1␣ and confirmed by anti-Flag Western blot analysis (Fig.  6C) . Coprecipitation of ARNT with endogenous HIF-1␣ or transfected Flag-tagged HIF-1␣ indicated that the HIF-1␣/ ARNT dimers were present in ES cells (Fig. 6C, lanes 2 and 4) , consistent with functional data that HIF-1␣ induces its target genes in Hif-2␣ Ϫ/Ϫ ES cells ( Fig. 2 and Table 1 ) or in Hif-1␣
FIG. 4. Hif-1␣ Ϫ/Ϫ ES cells exhibit no HIF-2␣ activity under severe hypoxia or by activating HRE reporters. (A) Severe hypoxia increases the levels of HIF-1␣ and HIF-2␣ protein in WT ES cells (left panel) and HIF-2␣ protein levels in the Hif-1␣ Ϫ/Ϫ ES cells (right panel). Nonspecific proteins in HIF-1␣ or HIF-2␣ Western blots labeled by asterisks serve as loading controls. (B) Severe hypoxia increases HIF-␣ common target gene expression in WT ES cells (left panel) but not in
Hif-1␣ Ϫ/Ϫ ES cells (right panel). (C) Hypoxic treatment of Hif-1␣
Ϫ/Ϫ / HIF-1␣Flag-H cells (see Fig. 8C ). Anti-HIF-2␣ antibody precipitated endogenous HIF-2␣ protein (Fig. 6D, lane 1) as well as transfected HIF-2␣Flag protein (Fig. 6D, lanes 3 and 4) , as detected by anti-HIF-2␣ and confirmed by anti-Flag antibodies. Importantly, coprecipitated ARNT protein was detected only in IPs where HIF-2␣ protein was detected (Fig. 6D, lanes  1, 3, and 4 ). In addition, the amount of coprecipitated ARNT correlated well with the amount of the HIF-2␣ protein precipitated. The detection of ARNT protein in the HIF-2␣ IP from
Hif-1␣
Ϫ/Ϫ ES cells demonstrated that endogenous HIF-2␣ formed a complex with endogenous ARNT protein in ES cells.
Redox effector factor 1 (Ref-1) appears to be critical for HIF-2␣ DNA binding activity (27 Ϫ/Ϫ ES cells. Glut-1 and Vegf are HIF-1␣/HIF-2␣ common target genes with well-characterized HREs (see details in Discussion). Anti-HIF-1␣ or -HIF-2␣ antibodies were used to precipitate the HIF-1␣ or HIF-2␣ protein, and the amount of coprecipitated HRE-containing genomic DNA fragments from Glut-1 and Vegf promoters was assessed by quantitative SYBR green-based real-time PCR (Fig. 7A) , as well as regular PCR using 32 P-labeled dCTP (Fig. 7B) . While isotype-matched control antibodies generated similar signals from WT, Hif-1␣
ES, or Hif-2␣
Ϫ/Ϫ ES cells, anti-HIF-1␣ antibody enriched HRE-containing Glut-1 and Vegf genomic DNA fragments in WT and Hif-2␣ Ϫ/Ϫ ES cells but not in HIF-1␣-deficient Hif-1␣ Ϫ/Ϫ ES cells (Fig. 7A) , suggesting that HIF-1␣ antibodies specifically pull down HIF-1␣-associated genomic DNA fragments and HIF-1␣ protein interacted with the HREs of its two target genes Glut-1 and Vegf in hypoxia-treated cells. This was consistent with the fact that the HIF-1␣ protein stimulated Glut-1 and Vegf gene expression in WT and Hif-2␣ Ϫ/Ϫ ES cells (Fig. 2C and Table 1 ). IP with anti-HIF-2␣ antibody generated a stronger signal using lysates prepared from HIF-2␣-expressing hypoxic WT and Hif-1␣ Ϫ/Ϫ ES cells and not from Hif-2␣ Ϫ/Ϫ ES cells (Fig. 7A) . In agreement with quantitative SYBR Greenbased real-time PCR, detection of coprecipitated Glut-1 HREs on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ using primers covering the whole Glut-1 HRE also indicated that HIF-1␣ or HIF-2␣ bound to the Glut-1 promoter in its expressing cells only (Fig. 7B, left) . In contrast, a flat signal was detected in all cell types using primers located at the murine Glut-1 promoter (about 2.5 kB downstream of Glut-1 HREs) (Fig. 7B, right (Fig. 8D ) that expressed the HIF-2␣ protein at sevenfold higher levels than endogenous HIF-2␣ (Fig. 6B and  D) , while limited activation of Ndrg-1 (but not Adm, Glut-1, and Vegf) was observed in the two Hif-1␣ Ϫ/Ϫ /HIF-2␣Flag-Low clones (Fig. 8D ) that expressed the HIF-2␣ protein at threefold-higher levels than endogenous HIF-2␣ (Fig. 6B and D We hypothesized that such constructs would bind to HIF-interacting factors normally but would not directly participate in target gene transcription. A similar HIF-2␣ mutant was previously shown to lack both DNA binding and target gene induction capabilities (25) . In contrast to the case with WT HIF-1␣ and HIF-2␣ plasmids, transient transfection of the HIF-2␣ and HIF-1␣ mutants failed to induce the activity of a cotransfected WT-HRE-Luc reporter in HEK 293 cells under normoxia (Fig. 9A) . Of note, mutated HIF-␣mBLHL protein was detected only in the nuclear fraction of the transfected cells (data not shown). Furthermore, hypoxia treatment (stabilizing endogenous HIF-2␣ protein) did not induce HRE reporter gene activity in Hif-1␣ Ϫ/Ϫ cells transfected with either HIF-1␣mBHLH or HIF2␣mBHLH, indicating that HIF-2␣mBHLH expression did not rescue endogenous HIF-2␣ activity (data not shown). To eliminate the overwhelming expression characteristic of transient transfections, a Hif-1␣ Ϫ/Ϫ ES cell population stably transfected with HIF-␣mBHLH was established. Interestingly, hypoxic treatment increased Glut-1 and Adm (HIF-1␣/HIF-2␣ common target genes) expression in the Hif-1␣ Ϫ/Ϫ ES cells stably transfected with the HIF-2␣ mutant (2.2-fold for Glut-1 and 4.1-fold for Adm) but not in cells transfected with HIF1␣mBHLH or vector (Fig. 9B) . Since the HIF-2␣ mutant cannot bind to DNA, this induction could only come from the endogenous HIF-2␣ protein. These results argue that the HIF-2␣ mutant enhanced activity of endogenous HIF-2␣ by titrating away a HIF-2␣ repressor, and this repressor is specific for HIF-2␣. These data strongly suggest that a HIF-2␣-specific repressor negatively regulates endogenous chromatin-associated HIF-2␣ activity in ES cells. Our DNA microarray study clearly shows that HIF-1␣ regulates a large number of target genes in ES cells. However, to our surprise, HIF-2␣ is not functional in ES cells. This conclusion is based on several lines of evidence. First, we determined that Hif-1␣ Ϫ/Ϫ ES cells express full-length HIF-2␣ mRNA and are devoid of HIF-2␣ isoforms (Fig. 5A) Having confirmed that the WT HIF-2␣ protein is expressed and binds to target gene promoters, we hypothesized that HIF-2␣ inhibition in ES cells occurs at the step of transcriptional cofactor recruitment. Although ES cells express levels of the HIF-2␣ protein similar to or even higher than that expressed by 786-O WT8 cells (as determined using an antibody generated from a peptide conserved between human and mouse HIF-2␣) (Fig. 5B) , this endogenous level of the HIF-2␣ protein is sufficient to induce target gene expression in 786-O cells but not in Hif-1␣ Ϫ/Ϫ ES cells. This difference suggests either that ES cells express a HIF-2␣-specific transcriptional repressor or that they lack a HIF-2␣-specific activator. Restoration of HIF-2␣ function in ES cells by overexpressed WT HIF-2␣, particularly by the HIF-2␣ mutant, but not by the similar HIF-1␣ mutant suggests the presence of a HIF-2␣-specific transcriptional repressor in these cells. Partial restoration of endogenous HIF-2␣ function by the HIF-2␣ mutant is likely due to its having both a positive effect in relieving repressor binding to endogenous HIF-2␣ and a negative effect by sequestering other transcriptional coactivators from endogenous HIF-2␣. This experiment also proves that ES cells produce a functional HIF-2␣ transcript. Based on these data, we propose the following model: in ES cells, HIF-2␣/ARNT dimers occupy target gene HREs but fail to activate transcription due to the expression of a HIF-2␣-specific transcriptional corepressor. We hypothesize that this repressor inhibits the function of HIF-2␣ in ES cells by preventing HIF-2␣ from interacting with general transcriptional factors on the promoters. Overexpressed WT or a DNA-binding-defective HIF-2␣ protein serves as a sink for the repressor, allowing the repressor-free HIF-2␣ protein to stimulate target gene expression (Fig. 10) . While our experiments collectively provided strong evidence for a repressor, definitive proof will ultimately come from the "rescue" of HIF-2␣ function in ES cells upon siRNA knock-down of the repressor.
DISCUSSION
The HIF-1␣ and HIF-2␣ proteins exhibit a high degree of homology in their bHLH and PAS regions, domains important for DNA binding and ARNT dimerization. However, the two proteins exhibit limited similarities in their C termini, particularly the inhibitory domains and N-terminal transactivation domains. The structural diversity provides a molecular basis for their unique transcriptional cofactor requirements. For example, the NF-B essential modulator (NEMO) has been shown to exclusively interact with HIF-2␣ and to promote its transcriptional activity by enhancing binding to CBP/p300 (3). NEMO is a coactivator for HIF-2␣ and is expressed in ES cells (according to DNA microarray data), indicating that NEMO is Another example of a HIF-2␣-specific regulator is a proposed cytoplasmic protein in MEFs that prevents HIF-2␣ translocation to the nucleus (35) . However, a recent report indicates that HIF-2␣ is not expressed in some MEF isolates (3). We also failed to detect HIF-2␣ protein in our primary MEF cultures (data not shown). Since HIF-2␣ in ES cells exhibits normal pVHL regulation and nuclear translocation, the putative HIF-2␣ repressor in ES cells is different from that in MEFs. CITED-2 and its isoform p35srj have been shown to inhibit transcriptional activity of HIF-1␣ by preventing coactivators p300/CBP and SRC-1 from binding to the HIF-1␣ Cterminal transactivation domain (2, 6, 23, 40) . We determined that p300, SRC-1, and CITED-2 are expressed in ES cells (see Fig. S2 in the supplemental material). Expression of CITED-2 might explain HIF-2␣ inactivity in ES cells if CITED-2 has stronger inhibitory effects on HIF-2␣. However, transfection of a CITED-2 expression plasmid did not prevent either HIF-1␣ and HIF-2␣ induction of cotransfected HRE-mediated reporter genes in ES cells, although CITED-2 inhibited HIF-1␣ and HIF-2␣ similarly in HEK293 cells (see Fig. S2 in the supplemental material). Thus, misexpression of coactivators p300 and SRC-1 or expression of CITED-2 is not involved in HIF-2␣'s inability to regulate its target genes in ES cells. ChIP assays demonstrate that endogenous HIF-2␣/ARNT dimers bind to the HREs of the HIF target genes Glut-1 and Vegf. Interestingly, the binding of HIF-1␣ (or HIF-2␣) to the HREs is not enhanced by deletion of its counterpart ␣ subunit in ES cells, suggesting that HIF-1␣ and HIF-2␣ might not bind the identical DNA elements. This is in accordance with the fact that HREs from Glut-1 and Vegf contain at least two potential binding sites, a conventional HIF-binding site (CGTG) and an inverted repeat (CACG for Glut-1 and CAGG for Vegf) (24) . It is worth noting that the HIF-1␣ protein induces Glut-1 and Vegf expression to similar levels in both Hif-2␣ Ϫ/Ϫ and WT ES cells, consistent with the idea that HIF-2␣ DNA binding in WT ES cells does not interfere with HIF-1␣ function. A more direct assay, such as in vivo DNA footprinting, is required to determine whether the above-described phenomenon is the consequence of unsaturated binding or occupying unique HIF binding sites on the promoters.
The discovery that some HIF-2␣-expressing cells may not harbor a functional HIF-2␣ protein helps to resolve some confusion about the role of HIF-2␣ in hypoxic responses. It is now clear that loss of HIF-1␣ abolishes all HIF-dependent hypoxic gene induction in ES cells, since HIF-2␣ is not functional in these cells. Furthermore, our data also indicate that expression of HIF-2␣ mRNA and protein does not guarantee HIF-2␣ activity; thus, a meaningful study of target gene specificity using siRNA technology to specifically knock down HIF-1␣ or HIF-2␣ must use cells where both HIF-1␣ and HIF-2␣ are active.
The tumor-promoting effects of VHL mutations appear to be dependent on HIF-2␣-mediated target gene regulation. Thus, lack of HIF-2␣ activity might block this effect of VHL mutations. HIF-2␣ has been shown to play a critical role in tumor formation by pVHL-deficient RCC cells, and HIF-2␣ is clearly functional in these cells (16, 50, 53) . Nonfunctional HIF-2␣ in ES cells might be partially responsible for our observation that pVHL-deficient ES cells fail to promote tumor growth in nude mice, despite the fact that these ES cells display constitutive HIF-1␣ and HIF-2␣ protein and HIF-1␣ target gene expression, as observed for pVHL-deficient RCC cells (29, 37) . In agreement with the teratoma model, fibrosarcomas derived from Vhl Ϫ/Ϫ MEFs are significantly smaller than WT controls (28) , and MEFs appear to harbor no HIF-2␣ activity due to cytoplasmic trapping (35) or lack of expression (3). In contrast to Vhl Ϫ/Ϫ ES cells, ES cell-derived teratomas with targeted replacement of HIF-1␣ by HIF-2␣ display a proliferative advantage in comparison to WT ES cells (8) . Increased teratoma expression of HIF-2␣ target genes, such as Vegf, transforming growth factor ␣ (TGF-␣), and cyclin D1, suggests that HIF-2␣ is functional in these cells, presumably by overcoming a HIF-2␣ repressor through increased expression of the HIF-2␣ protein. Although VHL and HIF-2␣ are broadly expressed, human VHL mutations give rise to only a few tissue-specific tumors. Expression of a HIF-2␣-specific repressor might play a role in limiting the tissue penetration of VHL mutations. It will be interesting to identify the HIF-2␣ repressor and to see whether there is a negative correlation between tissues that express the HIF-2␣ repressor and risk levels of VHL disease.
Recently, we and others showed that HIF-2␣ regulates TGF-␣ and the Pou transcription factor Oct-4 (also known as Oct-3/4 and Pou5F1) in RCC cells (16, 38, 53) . Moreover, these genes are specifically regulated by HIF-2␣ in RCC cells (38) . Since HIF-2␣ is expressed and its protein is stabilized in hypoxic ES cells, the inhibition of HIF-2␣ target gene expression by a HIF-2␣ transcriptional repressor may be required for proper ES cell function. Expression of Oct-4 in undifferentiated ES cells is essential for maintaining stem cell pluripotency (33) . When Oct-4 expression is reduced or increased, ES cells lose pluripotency and start differentiating, demonstrating the Our results demonstrated that HIF-2␣ is not functional in some cell types, such as ES cells. However, HIF-1␣ appears to be functional in all cells tested. This might reflect their distinct expression patterns and functions. For example, HIF-1␣ is present in organisms from Caenorhabditis elegans to humans, while HIF-2␣ exists only in more complicated vertebrate species, such as chicken, quail, and mammals (9, 10, 20) . In addition, HIF-1␣ is universally expressed while HIF-2␣ expression is more tissue restricted, even in organisms where both isoforms are expressed. From a functional standpoint, HIF-1␣ appears to regulate genes involved in basic cellular activity, like the glycolytic pathway, while HIF-2␣ is more involved in genes having special function such as Oct-4.
In summary, we demonstrate that HIF-1␣, but not HIF-2␣, is functional in ES cells, showing a clear regulatory difference between HIF-1␣ and HIF-2␣. While hypoxic stabilization of HIF-␣ is a critical regulatory step for HIF transcriptional activity, stabilization of HIF-2␣ is insufficient for transcriptional activity. Furthermore, we provide compelling evidence for a model whereby HIF-2␣'s inability to regulate its target genes in ES cells is due to the expression of a HIF-2␣-specific corepressor that globally inactivates its function. Identification of such a novel regulatory mechanism is critical to understanding the role of HIF-2␣ in hypoxic responses and in tumorigenesis and provides a possible explanation for VHL disease tissue specificity.
